The ability to transfer exogenous genetic information into living cells has proved to be a valuable tool in the study of the structure, function, and regulation of genes in unicellular organisms such as bacteria and yeast. The development of efficient and reproducible procedures for DNA-mediated gene transfer in metazoans, however, has lagged far behind largely because of the lack of appropriate vectors.
elements transpose at very high rates when certain genetic criteria are met. The P factors, which are probably a subset of the P element family, are the primary causal agents in a syndrome of correlated genetic traits, known as P-M hybrid dysgenesis (3, 4) that occurs among the progeny of matings between certain Drosophila strains. These traits, which are limnited primarily to the germ line, include high rates of mutation, freSummary. Recombinant DNA carrying the 3-kilobase P transposable element was injected into Drosophila embryos of a strain that lacked such elements. Under optimum conditions, half of the surviving embryos showed evidence of P elementinduced mutations in a fraction of their progeny. Direct analysis of the DNA of strains derived from such flies showed them to contain from one to five intact 3-kilobase P elements located at a wide variety of chromosomal sites. DNA sequences located outside the P element on the injected DNA were not transferred. Thus P elements can efficiently and selectively transpose from extrachromosomal DNA to the DNA of germ line chromosomes in Drosophila embryos. These observations provide the basis for efficient DNA-mediated gene transfer in Drosophila.
Potentially suitable vectors for gene transfer occur in nature in the form of viruses and transposable elements. Transposable elements are DNA segments.which, as discrete units, are capable of changing their positions within the genome of a cell (1) . In bacteria, these elements have been shown to also transpose from extrachromosomal DNA such as plasmids, into chromosomal sites. No eukaryotic transposon with this property has yet been described. If such a eukaryotic transposable element could be identified it might then serve as an efficient transformation vector. Cloned DNA containing the element could be introduced into cells and transpositions from this exogenous DNA into the host chromosomes might take place at high frequehcy.
Several classes of transposable elements have been identified in the genome of the fruit fly, Drosophila melanogaster (2) . The properties of one class, the P elements (3), recommend it as a possible gene transfer vector; these SCIENCE, VOL. 218, 22 OCTOBER 1982 quent chromosomal aberrations and, in extreme cases, the failure to produce any mature germ line cells. Dysgenesis occurs when males of a P (paternally contributing) strain are mated with females of an M (maternally contnrbuting) strain, but usually not when the reciprocal cross is performed.
P strains are distinguished genetically from M strains by virtue of multiple genetic elements, the P factors, which are dispersed over all the major chromosome arms. The P factors do not produce dysgenesis within P strains, but do so only when placed in the maternally derived background of an M strain [M cytotype (5)]. Moreover, the stability of mutations arising in dysgenic flies appears to be under the same control system as all other manifestations of hybrid dysgenesis; they do not revert when maintained in a P strain (P cytotype), but they may revert at high frequencies when placed in the M cytotype.
These and other observations led to the proposal that hybrid dysgenesis results from the action of a family of transposable elements, the P factors. In its simplest form, this hypothesis states that P factors are present in P strains, where their transposition is repressed, and are absent from M strains, When chromosomes carrying P factors are placed in the M cytotype, it is pro6'sed that these elements become derepressed and transpose at high rates. Among other effects, P factors would then induce mutations by inserting into and disrupting genetic loci. Such dysgenesis-induced mutations would be expected to be stable in the P cytotype, where P factor transposition is repressed, but unstable in the M cytotype where they could revert by excision of the P factor. Recent molecular and genetic data strongly support the basic features of this model. Several mutations arising in dysgenic crosses between P and M strains have been shown to be due to the insertion of members of a single family of transposable elements, named P ee-_ ments, which are found in the chromosomes of P strains but are absent from M strains (3) . Although the P elenient insertions that cause these mutations are homologous in sequence, they are heterogeneous in size, ranging from 0.5 to 1.6 kilobases (kb). The small size and heterogeneity of the P elements suggest that they would be incapable of encoding the genetic functions attributed to the P factor. Thus, the transposition of the small P elements would require the presence elsewhere in the genome of the P factor, which is proposed to encode a P element-specific transposase. (We use the term "transposase" although the biochemical mechanism of this transacting product is unknown.) Genetic data supporting this view of the P elements as a two-element system have been obtained [see (6) and below]. Such a transposable element system would then be analogous to two element systems in prokaryotes (7) and in maize (8).
A candidate for the P factor has been isolated (9). This 3-kb P element is present in several nearly identical copies in the genomes of P strains. DNA sequence analysis revealed that the smaller heterogeneous P elements could have been derived from this larger element by internal deletions (9). Both the 3-kb P element and the smaller elements contain the same 31 base pair (bp) perfect inverted repeat at their termini; it is likely that this DNA sequence is the site of action of the putative P element-specific transposase. Moreover, the presence of three long open reading frames for translation within the 3-kb element suggests that it may have the capacity to encode the transposase and regulatory product (or products) expected for the P factor.
If the 3-kb element is indeed the P factor, it should be capable of providing the functions required both for its own transposition and for transposition of the smaller P elements when placed in M cytotype. Consequently, we tested the ability of a cloned P element to transpose Fig. 1 . Injection of DNA into a Drosophila embryo. The length of the embryo is approximately 0.5 nmm. The tip of the needle is located in the posterior pole of the embryo, the site of germ cell formation.
After introduction into embryonic cells.
We now demonstrate that the 3-kb element can provide the functions required for its own transposition from exogenously introduced DNA into the chromosomes of germ line precursor cells. for the behavior of the snw mutation is that the P elements at the sn locus are incapable of catalyzing their own transposition but are able to respond to transposase produced by P factors. Our experimental protocol for detecting P element transposition is diagrammed in Fig. 2 . Host embryos from the snw M strain were injected with DNA of the plasmid pff25. 1, which contains a 3-kb P element and about 1.8 kb of flanking Drosophila DNA, cloned in the Escherichia coli plasmid vector pBR322. Adult flies derived from injected embryos (GO males and females) were mated to attached-X females, or to snw M males. The bristles of male progeny of these crosses (G 1 males) were examined to determine which allele of sn they carried.
The G1 males displaying either the sn + or sne phenotype provide evidence that the 3-kb P element carried on the injected plasmid DNA was capable of directing the synthesis of a transposase that destabilized the small P elements resident at the snw locus in the germ line of the GO host. (Since hybrid dysgenesis does not destabilize snw in somatic tissues, the phenotype of the GO flies themselves cannot be used to assay for transposase activity.) Such a transposase might also be able to catalyze the transposition of the 3-kb element from the injected plasmid DNA into the chromosomes of the injected egg. The destabilization of the P elements at sn and the transposition of the 3-kb element are separate events. Since they would require the same transposase function, however, we would expect them to be highly correlated. If a 3-kb P element became integrated and its putative transposase gene remained functional, the singed locus might continue to be unsta- 22 OCTOBER 1982 ble in subsequent generations. Thus by examining the singed phenotypes of the G2 males we could genetically assay for the heritability of the injected P element. The results of these genetic assays could then be confirmed by direct physical measurements of the location and structure of any P element now resident in the genome. Injected P Elements Induce sn'
Mutability
The results of injecting a constant volume of pnr25. 1 DNA at various concentrations into embryos according to the scheme shown in Fig. 2 are summarized in Table 1 . The approximate percentage of the injected embryos which hatched as larvae, eclosed from the pupal case, and which were fertile did not vary significantly with the concentration of the injected DNA (12). However, the fraction of GO organisms showing germ line mutations at the singed locus was highly dependent on the concentration of injected plasmid DNA. When embryos were mock-injected, or injected with a dilute solution of DNA (0.1 microgram per milliliter) no mutable flies were obtained. At higher concentrations, however, injected flies producing sn+ or sne G1 progeny were observed. Injection of the P factor-containing plasmid at a concentration of 100 ,ug/ml produced the highest frequency (48 percent) of mutable individuals (12).
The induction of singed mutability by the injection of the pTr25.1 plasmid suggested that the injected DNA produced transposase that acted at the singed locus in the chromosomes of one or more germ line cells. Table 2 illustrates that the appearance of sn+ or sne G1 offspring from the mutable parent sometimes occurred in clusters. This argues that the snw mutations induced by the injected DNA can take place premeiotically, as they do under the conditions of hybrid dysgenesis studied previously (11), and as would be expected if transposase is produced relatively early in germ line development. The data are also compatible with the occurrence of some snW mutations during meiotic or postmeiotic stages.
To determine whether the ability to induce snw hypermutability was inherited by the progeny of GO mutable flies, + e sn, .sn , and some snw male G0 progeny of each of the 31 mutable GO individuals were mated to attached-X M females (Fig. 2) . Table 3 summarizes the sn phenotypes of the G2 males generated from these crosses. In the majority of cases at least one of the G1 progeny of each mutable fly also demonstrated germ line mutations at the sn locus. Thus, levels of transposase adequate to cause snw mutability were found not only in the germ cells of the injected embryo but in the germ cells of some of its progeny. In all cases tested, snw mutability continued to be observed in subsequent generations when males from a G1 mutable stock were mated to attached-X M females.
In this respect, therefore, these strains behave as if they carried chromosomal P factors.
To determine whether this genetic behavior was indeed the result of the integration of one or more P factors from the injected DNA into the chromosomes of the host germ line, the DNA from several of the mutable strains was analyzed (Fig. 3) . Two of the GI male progeny of the mutable GO embryo 301 (301-1 and 301-3) showed continued mutability while a sibling male (301-2) was phpnotypically stable (see Table 3 ). Likewise, one GI male progeny of GO embryo 101 was mutable (101-3) and two were stable (101-2 and 1014). DNA was prepared from the snW M host strain and from the G2 male progeny of these six GI males. The presence of one or more complete P elements was assayed by digesting the DNA's with Hind III and Sal I, transferring the digests to nitrocellulose paper after agarose gel electrophoresis, and hybridizing with two subcloned fragments internal to the P element (Fig. 3) .
The absence of 0.84-and 1.5-kb bands in host'DNA confirmed that no complete P elements are present in the sn' strain. Neither line 301-2, 11-2, nor 1014, which were phenotypically stable, showed the presence of any bands not observed in host DNA. However, DNA from the unstable lines 301-1, 301-3, and 101-3 showed strong bands of hybridization at 0.84 kb and 1.5 kb, consistent with the presence of one or several complete P factors. This correlation between continued mutability and the presence of new P element sequences was verified by similar experiments on the progeny of eight other injected embryos (13). Table 3 . Induction of sn mutability by individual male GI progeny of mutable GO adults. The sn phenotypes of G2 progeny males derived from individual GI males (see Table 2 ) by crossing them to attached-X females are shown. GI male progeny of the same Go injected fly are numbered consecutively using the same identifying number as in Table 2 To see whether the additional P element sequences in the unstable lines were present at specific chromosomal loci, polytene salivary gland chromosomes were prepared from the 301 strains and hybridized in situ with pwr25.1 sequences. Only two sites were labeled in chromosomes from the host snw strain, or in the stable GI lines (Fig.  4) . Grains were detected at 17C (14) because the Drosophila DNA flanking the 3-kb P factor in p125.1 is derived from this region. The vicinity of the singed gene, 7D, was also labeled, because of the presence of small P element (or elements) associated with the snw allele. Both of the unstable lines 301-1 and 301-3 contained an additional strong site of hybridization on the X chromosome at 12F (Fig. 4) . The continued snw instability and the presence of internal P factor restriction fragments in the 301-1 and 301-3 strains are therefore most simply explained by the integration of P factor sequences derived from the injected pwr25.1 DNA into the X chromosome at chromosomal site 12F. Figure 5 summarizes similar studies on chromosomes from progeny of 23 of the 31 mutable embryos. In all the cases examined, strains showing continued snw mutability in the germ line of the G1 generation contained from one to five sites of in situ hybridization not present in the sn' host (15). No new sites of labeling were detected in 12 stable strains examined. The sites in the unstable strains were widely distributed on all the chromosome arms. P factors are known to be capable of inserting at a wide variety of sites (16). The number of grains at the new sites was consistent with the insertion of one complete element per site, usually about twice the number present at 17C on the same slide. However, in a few cases the hybridization at a chromosomal site was less than expected relative to 17C. Lightly labeled sites may be the location of small P elements resulting from transposition of elements resident at snw or deriving from a 3-kb P element by a new deletion event.
Integration Occurs by Transposition
If the integration of P element sequences in the mutable lines occurs by transposition, genomic DNA from these lines should contain the entire 3-kb P element sequence but lack the flanking Drosophila and pBR322 vector sequences in p7n25.1. These expectations 22 OCTOBER 1982 were verified by hybridizing DNA's from several mutable strains with specific probes containing p7r25.1 sequences (Fig. 6) . DNA from the sn' host and from five independently derived sn' mutable lines was digested with Hind III and Sal I. After separation on a 1.0 percent agarose gel, duplicate filters were prepared which contained each of the six DNA's. One of the filters was hybridized with 32P-labeled pwr25. 1 DNA (Fig. 6A) while the second (Fig. 6B) 4 . Chromosomal sites complementary to pa25. 1 DNA sequences. Polytene salivary gland chromosomes were prepared from larvae of the sn' M strain (A), and the 301-2 G0 line (B). In situ hybridization was carried out (21) with 3H-labeled RNA complementary to p'r25.1 DNA as probe. Only two sites were labeled in the host sn' M strain chromosomes: the site of the unique chromosomal sequences flanking the 3-kb P element in pir25. 1 [17C (14) ], and the site of the sn' locus (7D), which contains small P elements complementary to pir25. 1. Besides these two sites, one additional site (12F) was labeled in 301-2 chromosomes. (14)]. The karyotypes of these salivary gland cells were usually normal, but chromosome rearrangements were observed in some lines (19). fragment was cloned from the Canton S strain, which does not have a P element at 17C (9).] The structure of these probes is shown in Fig. 6 . Multiple Hind III-Sal I fragments were labeled by prr25.1 in each of the mutable strain DNA's, including the expected 0.84-kb and 1.5-kb fragments internal to the P element (Fig.  6A) . The top band seen in Fig. 6 , A and B, must correspond to the chromosomal sequences surrounding the P element in p7r25.1 since it was the only fragment labeled by the pS25. 1 probe in DNA from the host strain. Since no additional fragments were labeled by pS25.1 in DNA from any of the mutable strains, the additional bands labeled by p1T25.1 must contain only P element sequences. The presence of as little as 100 bp of flanking Drosophila DNA or pBR322 sequences would probably have been detected in these experiments. These results are also inconsistent with the presence of free pr25.1 plasmid DNA in these strains. Further evidence for the presence of one or more complete 3-kb P elements in the mutable lines was provided by analyzing the same DNA's digested with Ava II. These digests were probed with the 0.84-kb Hind III and 1.5-kb Hind III-Sal I fragments of pr25.1. All the Ava II fragments present in the 3-kb P element were labeled in each of the mutable lines (Fig. 6C ). Together these Ava II fragments comprise the entire element except for 22 bp within each terminal repeat (9). These experiments suggest that the entire P element, but no other DNA sequence from p1T25.1, is present in each of the mutable lines.
Concluding Remarks
These experiments demonstrate that P element sequences tranpose with high efficiency from plasmid DNA into the chromosomes of germ line cells at diverse sites after injection of the DNA into early Drosophila embryos. At least one of the injected P elements in each of the mutable lines is functional as evidenced by the induction of sn' hypermutability. While the transposition of many prokaryotic transposable elements from a plasmid into the host chromosome has been demonstrated, such transpositions in a eukaryotic organism have not been previously described.
Although much remains to be learned about the mechanism by which transpositions occur, presumably the following events must take place. (i) The Our experiments demonstrate several interesting points concerning hybrid dysgenesis and P element function. P strains are characterized by the induction of hybrid dysgenesis when crossed to M strains. Hybrid dysgenesis is a syndrome of genetic traits, including sterility, the induction of mutations, snW destabilization, chromosome rearrangements, male recombination, segregation distortion, and nondisjunction. It is likely that all these disparate effects result from the production of P element coded transposase in the germ line cells of dysgenic embryos and its subsequent action on the P elements resident in their genomes.. The genetic determinants of hybrid dysgenesis, the P factors, are present in P strains at multiple chromosomal sites. Combinations of element-containing chromosomes from such strains are more effective in producing the dysgenic syndromes of sterility (17) or sn' hypermutability (6, 11) than any single chromosome, suggesting that the number of active elements present in a dysgenic embryo may influence the frequency of P element transposition. Since lines containing a single P factor have never been described, it is not known whether the presence of a single P factor is sufficient to induce all the phenotypic manifestations of dysgenesis or whether some of them require the concerted action of multiple chromosomal P factors.
Our results indicate that the cloned 3-kb P element carried by pTr25. 1 was itself sufficient to induce sn' mutability and P element transpositions. Thus, the 3-kb P element may be identical to the genetically defined P factor; all the information required for the hybrid dysgenesis syndrome may be contained on this element. We also have demonstrated that the presence of a single P element in the chromosomes of a strain is sufficient to cause it to behave as a P strain in its ability to induce sn' hypermutability. Whether strains bearing one or a few elements can attain the P cytotype remains to be tested.
These observations provide the basis for developing an efficient, controlled system of gene transfer in Drosophila. 
